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Abstract 
Mineral carbonation is based on the reaction of CO2 with metal oxide bearing materials to form solid carbonates. Further 
technology development and cost reduction are however needed for an industrial realisation of mineral carbonation. Added value 
products are clearly one factor, which may change the cost estimates. Separation of reaction products and sufficient product 
quality must be demonstrated.  A concept of using CO2 and water for reaction with olivine in a continuous process with 
separation of reaction products has been investigated. The reaction products, magnesite and silica, are of potential commercial
interest. The process consists of three steps: 1) dissolution of olivine; 2) precipitation of magnesite and 3) precipitation of silica. 
Separation and precipitation of the reaction products do not require chemical additives, such as acids or bases, and there will thus 
be few requirements of chemical reclamation. A semi-continuous set of laboratory-scale experiments including process steps 1 
and 2 have been carried out. Experimental conditions were in the range 100-150 bar and 130-250 ºC. Process step 3 has been 
tested separately, using process water from step 2. The results show a congruent dissolution of olivine with reaction rates 
comparable to known kinetic models in the lower end of the temperature range. Precipitation of magnesite and silica has different
dependence on pH and temperature, and detailed reaction mechanisms are addressed through the experiments. Magnesite 
precipitation takes place at high temperature (180-250 ºC). A magnesite with very low iron-content can be precipitated as the 
only product in the second reaction step.  
© 2008 Elsevier Lt .   ed 
Keywords: Mineral carbonation, olivine, added value, CO2
* Corresponding author. Tel.: +47 63 80 60 00; fax: +47 63 81 55 53 
E-mail address: ingridm@ife.no 
c 2009 Elsevier Ltd.
r Procedia 1 (2009) 4891–4898
www.elsevier.com/locate/procedia
doi:10.1016/j.egypro.2009.02.319
Open access under CC BY-NC-ND license.
2 Author name / Energy Procedia 00 (2008) 000–000 
1. Introduction 
Mineral carbonation is based on the reaction of CO2 with metal oxide bearing materials to form solid carbonates, 
with calcium and magnesium being the most attractive metals. The reaction products are stable minerals, occurring 
in nature. The carbon storage capacity on a global scale and the characteristic storage time for mineral carbonation 
are far higher than for other storage methods (Lackner, 2003). Since the CO2 is stored as stable minerals, the 
concerns around safety and the requirements for monitoring are few. At present, this technology is still viewed as 
being in the research phase (IPCC, 2005). A recent IEA review (IEA-GHG, 2005) concludes that further technology 
development and cost reduction are needed for mineral CO2 sequestration to become part of a broad portfolio of 
employable CO2 sequestration technologies.  
The main advantage for the mineral carbonation is the few concerns around long-term safety of the repository. 
Energy assessment of a one-step process shows a net sink for CO2, and on average 76 % of the CO2 can be removed, 
when olivine is used as the mineral resource (O’Connor et al., 2005). At present, mineral carbonation is viewed as a 
feasible niche option for CO2 storage, where a CO2 point source coincides with sources of mineral reactants 
(O’Connor et al., 2004). The possibility of added value products from mineral carbonation has been discussed (e.g. 
Goff and Lackner, 1998), but process design, energy and economics has not yet been evaluated. Added value 
products are clearly a factor, which may change the cost estimates for mineral carbonation. Another important factor 
is new, less energy intensive process design.  
In this paper, we present a preliminary evaluation of a process based on olivine, with magnesite and silica as 
possible added value products. The principles of separation are discussed, and a techno-economical study of a 
possible industrial concept has been carried out. 
2. Carbonation of mafic minerals 
International research on mineral carbonation has been directed towards rocks of high Mg or Ca content. In 
particular, experiments have been concentrated on serpentine and olivine-bearing rocks. The overall reaction with 
olivine can be formulated as follows: 
Mg2SiO4 (s) + 2 CO2ļ 2 MgCO3 (s)  + SiO2 (s) 
Reaction may occur with CO2 gas phase (dry carbonation) or with CO2 dissolved in water (wet carbonation). Two 
different approaches of wet carbonation have been used:  
x Direct aqueous carbonation, where CO2 ± water is used in direct reaction with solids (e.g. Fauth et al., 2000; 
O’Connor et al. 2002, 2004, 2005).  
x Indirect carbonation, where the rock/minerals are dissolved in acids or bases and CO2 is used in reaction with a 
solution in a second step (e.g. Druckenmiller and Maroto-Valer, 2005; Maroto-Valer et al., 2005a,b; Park and 
Fan, 2004). 
2.1. Direct aqueous carbonation 
The approach to direct carbonation has been by the use of batch reactors (Fauth et al., 2000; O’Connor et al. 
2002, 2004, 2005). In some of these experiments CO2 has been added during the run, in order to maintain a constant 
CO2 pressure when carbonates are precipitating. Chemicals, such as NaHCO3, have also been added in the 
experiments. Flow out of the system has however not been applied. The sequence of reactions taking place within a 
single reactor is dissolution of CO2 in water to form carbonic acid. The silicates dissolve in reaction with the 
carbonic acid, and magnesium carbonate precipitate from solution. O’Connor et al. (2002, 2005) found the optimal 
reaction conditions for carbonation of olivine to be 185 ºC and 150 bar in a aqueous solution with NaCl and 
NaHCO3.
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2.2. Indirect carbonation 
The reaction rate of olivine dissolution is pH dependent (e.g. Hänchen et al., 2006). Indirect carbonation, 
applying a strong acid in the first process step, will therefore optimize the reaction rate of dissolution. The first 
process step does not need to be pressurized.  However, precipitation of carbonates requires higher pH (Park and 
Fan, 2004; Chen et al., 2006). A pH increase from the dissolution to the carbonation step is therefore necessary. 
3. Materials and methods 
3.1. Materials 
The olivine samples originate from a dunite deposit in western Norway, and  have been supplied by North Cape 
Minerals. In most of the experiments a commercial dried sand grade quality, AFS 50, has been used.  Quantitative 
XRD analysis shows an olivine content of more than 93 wt %. Orthopyroxene, chlorite, amphibole and chromite are 
the main constituents of the remaining 7 %. The olivine has a forsterite content of 93 %. Orthopyroxene, chlorite 
and amphibole show a range in XMg=Mg/(Mg+Fe) of 0.93, 0.94-0.97 and 0.94-0.96 respectively. The samples were 
slightly crushed and sieved, and two fractions; < 75 μm and 75 -150 μm were used for the experiments. 
3.2. Experiments 
Flow-through column and continuously stirred reactor experiments have been carried out. The experimental set-
up is shown in Figure 1. A system of two or three interconnected reactors has been used. The feeding system of the 
reactors consisted of an HPLC-pump for H2O, and an ISCO syringe pump for CO2. Water and CO2 was 
continuously fed with a constant flow rate into the first reactor for dissolution and mixing of CO2 in water at the 
temperature and pressure conditions used for dissolution of minerals. The H2O-CO2 solution from reactor 1 was then 
fed into a second reactor containing the olivine sample.  The second reactor was either a column or a continuously 
stirred reactor. The outlet solution from reactor 2 could be fed into reactor 3 for precipitation. The temperature of 
each reactor as well as the connecting flow-lines can be operated individually. Typical experimental conditions 
would be a constant temperature for the lines and reactors until reactor 3. Reactor 3 and the remaining lines would 
then be set at a different temperature. A number of by-pass lines are mounted to ensure flexibility of the system 
(Figure 1).The design allows to run the system for dissolution only or for combined dissolution-precipitation. After 
finishing the experiments, the columns were vacuum impregnated with epoxy in order to conserve the in situ 
textures, cut and polished for thin sections. 
Specific surface area of the starting materials was measured using the BET method with N2 absorption. The 
particle size analysis was performed on a Coulter LS 230, using laser diffraction. The mineral chemistry was 
analysed on a Cameca SX100 electron microprobe. Quantitative XRay Diffraction (XRD) was used for analyses of 
mineral contents.  ICP has been used for cation analyses of the water. 
3.3. Geochemical modelling 
Geochemical modelling was carried out using PHREEQC (Parkhurst and Appelo, 1999). The solubility of CO2
was calculated using a Henry’s Law method based on the Lichtner et al. (2003) modified approach of Crovetto 
(1991) with the addition of a Poynting correction for pressure.  
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Figure 1: Experimental set-up. A column has been used as the second reactor in some experiments.
4. Direct carbonation – possibility for product separation
In a direct aqueous carbonation approach, it is possible to keep process chemicals to a minimum. Large mass
flows of acid or other chemical waste may be avoided. If, however, added value products shall be possible to make,
separation of reaction products is necessary. Geochemical modelling with PHREEQC has been used to analyse the
possibility of product separation.
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Figure 2: Solubility of amorphous silica and magnesite, estimated with PHREEQC (The magnesite solubility is scaled, i.e.Mg/2, in order to 
reflect forsterite stoichiometry).
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Figure 3: Reaction progress calculations at 150 bar CO2
The solubility estimations of magnesite and amorphous silica is shown in Figure 2. Whereas silica has a prograde
solubility independent of CO2 pressure, the magnesite solubility is retrograde and pH dependent. If forsterite
dissolves at low temperature, i.e. below the intersection between the two solubility curves shown in Figure 2 at 
approximately 100 °C, precipitation of silica will occur before magnesite. In fact, at low temperature precipitation of
hydrated magnesium carbonates will occur (Hänchen et al., 2008), but these are for simplicity not included in the
modelling. At high temperature, magnesite will reach saturation before silica during forsterite dissolution. This 
principle is shown by forsterite reaction progress calculations at 150 bar CO2 and temperatures of 50 and 150 °C 
(Figure 3).
5. Experimental results
5.1. Column experiments
Flow-through column experiments have been used for evaluation of reaction mechanisms from textural and
mineral chemistry data. The experiments only utilized a two reactor system; a first reactor for mixing of CO2, and 
H2O and the second reactor was a packed column with olivine. The temperature range of the experiments was 75-
250 °C. Pressure was mostly kept at 150 bar.
The results show extensive dissolution in top of the column (Figure 4). The olivine is completely dissolved in the
top as shown in Figure 4. The relic olivine has a homogeneous composition. Reaction zones at olivine rims with
different Mg:Si ratios were not found. Iron hydroxides, however, have been precipitated on grain boundaries.
Magnesite was only found in experiments run at high temperature (>180 °C) in the lower part of the columns. Silica
precipitates were not observed.
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Figure 4: Overview of a column experiment (left). To the right: Microscope photo (upper left) and back scatter images of top part of a column
experiment. Microphotograph, crossed nicols (upper left) – the brown lines represent grain boundaries consisting of iron hydroxides. The olivine 
is completely dissolved, but a few grains of other silicates (greyish white) remain. Back-scatter images – Iron hydroxides are seen as bright lines.
The grains (more dark grey) are orthopyroxenes and amphiboles. The olivine is completely dissolved and only outlines of previous grain
boundaries remain.
5.2. Dissolution and precipitation in separate reactors
Flow-through stirred reactor experiments were carried out with two or three reactors (Figure 1). The entire
process line was kept at constant pressure (150 bar). The dissolution of olivine in reactor 2 was kept at a lower
temperature (130 °C) than the precipitation (250 °C) in reactor 3. The outlet fluid from reactor 2 had a Mg:Si
composition close to the olivine stoichiometry. At the applied conditions, no precipitation of magnesium carbonates
takes place in reactor 2. Geochemical calculations indicate a magnesite saturation index of approximately 0 in 
reactor 2. If the temperature is increased to 250 °C, the estimated saturation index of magnesite is above 2,
indicating a supersaturated fluid in reactor 3. The experimental results also show that magnesite is precipitated in 
reactor 3 (Figure 5). The mineral chemical analyses show a pure magnesite end member, with FeO contents <0.05
wt %.  Dissolved silica occurs in the solution from reactor 3. Precipitations or leached layers of silica were not
observed in any of the reactors.
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Figure 5: Magnesite crystals from reactor 3. Microphotograph to the left and back scatter image to the right.
6. Discussion 
A congruent dissolution of olivine is shown from the fluid composition. This is also confirmed by the complete
dissolution of olivine in the column tops and the lack of extensive silica enriched rims of olivine relics. Both
congruent and incongruent dissolution behaviour of olivine as well as other silicates has previously been described.
Congruent dissolution behaviour of olivine was shown in flow-through experiments (Oelkers, 2001; Hänchen et al.,
2006) and in batch experiments (Giammar et al., 2005). These dissolution experiments were kept at conditions far
from equilibrium. Giammar et al. (2005) show that the aqueous silica concentration is ultimately controlled by the
solubility of amorphous silica. In other batch experiments a silica enriched layer forms on the surface of olivine or 
other silicates, and the formation of this layer is considered to be a rate limiting step (e.g. Bearat et el. 2006; Schulze 
et al., 2004). 
The results of this study demonstrate the possibility of separating olivine dissolution and precipitation of reaction 
products in several different process steps. There is a good agreement between the experimental results and the
predicted behaviour. The dissolution of olivine takes place at conditions far from equilibrium with a forsterite
saturation index of the order of –6 to –7. The solution never reaches saturation of amorphous silica, which may
explain the congruent dissolution behaviour. Formation of a passivating silica layer will thus not be a rate limiting
factor.
The solubility of amorphous silica and magnesite does however impose important constraints on the mass
balances. The dissolution requires a minimum ratio of water to dissolved olivine determined by the least soluble
precipitate – in our experiments using temperatures above 100 °C – this precipitate has been magnesite. The
amounts of water also represent constraints on possibilities and effectiveness of precipitation in subsequent process
steps. The increase of temperature from 130 in reactor 2 to 250 °C in reactor 3 leads to a change in saturation index 
from approximately 0 to above 2, and enables precipitation of magnesite. The need of supersaturation for magnesite
nucleation agrees well with the conclusions of Giammar et al. (2005). The outlet solution needed evaporation for
silica precipitation.
Breaking down the mineral carbonation reactions into several continuous process steps, as we do in this study, an
improved understanding of complex processes taking place in batch reactor experiments can be achieved.
Furthermore, the results have useful implications for interpretation of natural processes, such as observations of
carbonation/silification of oceanic crust or other basic or ultrabasic rock types. The laboratory-scale experiments
have also been used for a preliminary techno-economical evaluation of possible up-scaling to an industrial process
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based on olivine. The high investment costs related to the need of pressurized reactors was the most important factor 
in the economical sensitivity analysis. The dependence of reaction rates on pressure is thus an important issue.  
7. Conclusions 
This paper has shown some principles of separating the dissolution of olivine in carbonated water and the 
precipitation magnesite and silica into different process steps. The dissolution of olivine takes place at conditions far 
from equilibrium. The reaction is congruent. Magnesite is shown to precipitate in a second reaction step. The 
solubility of amorphous silica and magnesite impose important constraints on the mass balances in both dissolution 
and precipitation steps. 
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